Intracerebral hemorrhage (ICH) is a severe neurological disorder with no proven treatment. Our prior research identified a significant association with monocyte level and ICH mortality. To advance our understanding, we sought to identify gene expression after ICH using a swine model to test the hypothesis that ICH would induce peripheral blood mononuclear cell (PBMC) gene expression. In 10 pigs with ICH, two PBMC samples were drawn from each with the first immediately prior to ICH induction and the second six hours later. RNA-seq was performed with subsequent bioinformatics analysis using Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), and Ingenuity® Pathway Analysis (IPA). There were 182 significantly upregulated and 153 significantly down-regulated differentially expressed genes (DEGs) after ICH. Consistent with findings in humans, significant GO and KEGG pathways were primarily related to inflammation and the immune response. Five genes, all upregulated post-ICH and known to be associated with monocyte activation, were repeatedly DEGs in the significant KEGG pathways: CD14, TLR4, CXCL8, IL-18, and CXCL2. In IPA, the majority of upregulated disease/function categories were related to inflammation and immune cell activation. TNF and LPS were the most significantly activated upstream regulators, and ERK was the most highly connected node in the top network. ICH induced changes in PBMC gene expression within 6 h of onset related to inflammation, the immune response, and, more specifically, monocyte activation. Further research is needed to determine if these changes affect outcomes and may represent new therapeutic targets.
Introduction
Intracerebral hemorrhage (ICH) is a severe neurological disorder accounting for 10% of strokes, 50% of stroke mortality, (Mozaffarian et al. 2016) and it has no proven treatment. Inflammatory processes, including white blood cells (WBCs), contribute to brain injury after ICH. Increasing evidence suggests that monocytes, a type of WBC, are particularly important for post-ICH inflammatory damage. In a murine study, circulating inflammatory monocytes outnumbered other leukocytes in brain tissue after ICH, monocytes secreted tumor necrosis factor, and mice with Electronic supplementary material The online version of this article (https://doi.org/10.1007/s11011-019-00399-z) contains supplementary material, which is available to authorized users.
fewer inflammatory monocytes had better motor function than controls. (Hammond et al. 2014b ) In another report, in which an antibody blocked a cellular adhesion molecule most highly expressed on inflammatory monocytes, there was less recruitment of monocytes into brain tissue and reduced neurobehavioral disability. (Hammond et al. 2014a) .
Our group previously found in two independent cohorts of ICH patients that higher monocyte count was associated with more 30-day mortality. Greater WBC count, but not monocyte count, was associated with larger ICH volume. However, after adjustment for covariates the monocyte count, but not total white blood cell count, was independently associated with 30-day ICH mortality. (Adeoye et al. 2014; Walsh et al. 2015) We also reported that M2 monocyte microparticles were significantly increased in the plasma of ICH patients compared to matched controls. (Walsh et al. 2017) Higher levels of chemokine C-C motif ligand 2 (CCL2), the dominant chemokine for monocyte recruitment, were independently associated with poor functional outcome in ICH patients. (Hammond et al. 2014b) In 1302 patients with ICH, higher admission monocyte count, but not neutrophil or lymphocyte count, was an independent predictor of ICH expansion. (Morotti et al. 2016) Altogether, these results suggest that monocytes and inflammatory responses play a pivotal role in ICH injury and consequent patient morbidity and mortality.
To study the molecular mechanisms of ICH-induced inflammatory injury, we analyzed global gene expression profiles in a swine ICH model utilizing RNA-seq of PBMCs. To the best of our knowledge, there have been no prior reports of RNA-seq in swine ICH. Next generation RNA sequencing (RNA-seq) is a powerful method for global, unbiased transcriptomic analysis with advantages compared with other transcriptomics methodology. Microarray technology is limited in measuring the range of gene expression due to background signal for genes with low expression and signal saturation for genes with high expression. However, RNA-seq provides digital sequencing reads that quantify expression accurately over a much larger dynamic range. (Zhao et al. 2014 ) While techniques like microarrays and polymerase chain reaction utilize nucleic acid probes that are defined in advance, RNA-seq can identify previously unknown transcriptional variations. There are advantages to using the domestic pig to study inflammation, the immune system, and ICH compared with other preclinical models. (Fairbairn et al. 2011) Pigs shared a larger proportion of inducible genes with humans, (Kapetanovic et al. 2012) while the macrophage inducible genes in rodents had more substantial differences. (Schroder et al. 2012 ) RNA that was extracted from mouse and human macrophages had significant differences despite being cultured under very similar conditions, (Fairbairn et al. 2011 ) likely due in part to variation in promoters of transcription factors and target genes. (Heinz et al. 2003) When transcriptional regulation was compared in mouse and human macrophages in response to lipopolysaccharide, 10% of genes had absolutely divergent regulation, while about 25% were quantitatively divergent. Those genes showing greatest divergence in mice versus humans were analyzed in pigs, and the transcriptional regulation in pigs vs. humans had substantial resemblance. (Fairbairn et al. 2011 ) When a number of immune system parameters were compared, pigs were more similar to humans than mice to humans for more than 80% of examined parameters, while mice were more similar for less than 10%. (Schook et al. 2005 ) The swine ICH model has been reported in many non-RNAseq investigations. (Aviv et al. 2014; Brunberg et al. 2013; Gu et al. 2011; Loftspring et al. 2007; Orakcioglu et al. 2015; Orakcioglu et al. 2012; Wagner et al. 2006; Xi et al. 1998; Zhou et al. 2014 ) and has advantages versus rodents such as the larger size of the pig brain, approximately 40 times larger than a rat, its gyrencephalic nature, larger white matter composition with better evaluation of damage and edema, (Adeoye et al. 2011; Wagner 2007; Wagner et al. 1996) and ease of experimental reproducibility. (Hua and Xi 2009 ).
Although there is substantial interest in neuroinflammation as a therapeutic target following ICH, these processes remain poorly understood. Evidence exists for rapid local and systemic ICH inflammatory effects, with changes in human mononuclear gene expression within 3 h, (Sang et al. 2017 ) and in the perihematomal region of swine ICH, cerebral edema, serum protein accumulation, and metabolic changes within one hour. (Wagner et al. 1998 ) Peripheral blood mononuclear cell (PBMC) gene expression studies have shown promise in other neurological disorders such as ischemic stroke and seizures. (Tang et al. 2001 ) Here we present data showing that ICH in pigs induces broad gene expression changes in PBMCs that include molecular pathways involved in monocyte activation and inflammatory responses. ICH promotes rapid alterations in peripheral immune cell function that are implicated in the pathophysiology of ICH.
Methods
Ten female domestic pigs of the American Yorkshire breed, 80 to 90 days old and 36 to 41 kg, were included in the study. Each pig was sedated by intramuscular injection of tiletamine and zolazepam and then endotracheally intubated and placed under isoflurane general anesthesia. To induce ICH as reported previously, (Wagner et al. 1996 ) a single burr hole craniotomy was performed to pass an angiocatheter and to inject two to four milliliters of autologous blood under pressure control into the frontal white matter. Six hours later, the pig was sacrificed by lethal injection. Peripheral blood was collected immediately prior to ICH induction but after the pig had been placed under general anesthesia for about 2 h and the angiocatheter was in place. The second sample was collected immediately prior to animal sacrifice. The study protocol was approved by the University of Cincinnati Institutional Animal Care and Use Committee, and all aspects of the study were conducted in accordance with the United States Public Health Service's Policy on Human Care and Use of Laboratory Animals.
Sample processing and analysis were conducted in the Genomics, Epigenomics, and Sequencing Core at the University of Cincinnati. For each sample, approximately 10 ml of swine peripheral blood was collected and immediately placed into EDTA containing blood collection tubes, inverted multiple times, and processed within one hour. Briefly, Lymphoprep™ (Stemcell Technologies, Cambridge, MA) density gradient medium and SepMate™ (Stemcell Technologies) tubes were used according to the manufacturer's instructions to isolate PBMCs. The PBMCs were directly lysed with Lysis Buffer from the mirVana miRNA isolation kit (Thermo Fisher, Waltham, MA) to stabilize RNA until the time of RNA extraction as described in the total RNA extraction protocol from the kit. The RNA quality was determined by Bioanalyzer (Agilent, Santa Clara, CA). To isolate the polyA RNA, NEBNext Poly(A) mRNA Magnetic Isolation Module (New England BioLabs, Ipswich, MA) was used with a total of 1 μg of good quality total RNA as input. The NEBNext Ultra Directional RNA Library Prep Kit (New England BioLabs) was used for library preparation. After library quality control and quantification, individually indexed and compatible libraries were proportionally pooled and sequenced using Illumina HiSeq platform. Under the sequencing setting of single read 1 × 51 bp, about 25 million pass filter reads per sample were generated. The RNA-seq data from the study are available through the Gene Expression Omnibus (GEO) of the National Center for Biotechnology Information (NCBI), record number GSE124624.
For bioinformatics analysis of mRNA-seq data, kallisto (Pachter Lab, Pasadena, CA) (Bray et al. 2016 ) was utilized to quantify the transcript-level abundance. The estimates were reported by transcripts per million reads (TPM) and converted to estimated gene counts. The differentially expressed genes (DEGs) were identified by DESeq2 package (Bioconductor) (Love et al. 2014) in R and annotated with genome assembly Sscrofa11.1 (https://useast.ensembl.org/Sus_scrofa). Pre and post-ICH samples from the same pig were compared as paired samples. The threshold for statistical significance was the absolute value of log 2 fold change (log2fc) > 1 and false discovery rate (FDR) <0.1 (Benjamini-Hochberg adjusted pvalues). FDR <0.1 is a conventional threshold for significance when analyzing RNA-seq data as reported in a publication regarding DESeq2 methodology (Love et al. 2014 ) as well as a number of transcriptional investigations (Bergsveinson et al. 2016; Cabezas-Wallscheid et al. 2014; Nagaraja et al. 2017; Pantazatos et al. 2017) . The significant DEGs were applied to Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways by KOBAS 3.0 web server, (Wu et al. 2006 ) considering significant functional terms and pathways with adjusted P value (BenjaminiHochberg correction) smaller than 0.1 and including at least 3 genes. To further interpret the gene expression data, Ingenuity® Pathway Analysis (IPA, Qiagen, Redwood City, CA) was used to produce comprehensive analysis of the DEGs in the context of disease functions, predicted upstream regulators, and generated networks of molecular interactions. (Bakshi et al. 2008; Cheong et al. 2016) . The log gene expression ratio comparing the second sample to the first sample was used as a value parameter for the analysis.
Results
182 genes were identified as significantly upregulated in post-ICH compared to pre-ICH, and 153 genes were significantly down regulated (adjusted P value<0.1). The log normalized gene counts of the 100 most significantly changed DEGs comparing pre and post-ICH samples are shown in Fig. 1 . The GO and KEGG enrichment analyses showed that most of the significant pathways were classified into molecular functions associated with inflammation and immune system activation ( Table 1 ). The following four GO terms were statistically significant: inflammatory response, defense response, extracellular space, and immune response. The following seven KEGG pathways were statistically significant: salmonella infection, malaria, pertussis, legionellosis, cytokine-cytokine receptor interaction, amoebiasis, and toll-like receptor signaling pathway.
There were five genes, all of which had increased expression post-ICH, that were repeatedly identified as significant DEGs in the statistically significant KEGG pathways (Table 2 ): CD14 (cluster of differentiation 14), TLR4 (toll-like receptor-4), CXCL8 (CXC motif chemokine-8), IL-18 (interleukin 18), and CXCL2 (CXC motif chemokine-2). For these five genes, the gene counts comparing pre and post-ICH samples were determined (Fig. 2) . Of the seven significant KEGG pathways, CXCL8 is a component of all. TLR4 is a part of six of the pathways (salmonella infection, malaria, pertussis, legionella, amoebiasis, toll-like receptor signaling). CD14 is present in five of the pathways (salmonella, pertussis, legionella, amoebiasis, and toll-like receptor signaling). IL-18 is a component of four of the pathways (salmonella infection, malaria, legionella, and cytokine-cytokine-receptor signaling). Finally, CXCL2 is found in two of the KEGG pathways (salmonella infection and legionella). Overall, in our study there were 42 statistically significant DEGs in the seven significant KEGG pathways. The five genes discussed above were noted as DEGs in multiple significant KEGG pathways such that these genes (CD14, TLR4, CXCL8, IL-18, and CXCL2) comprised 24 of those 42 DEGs.
When the RNA-seq findings from the study were analyzed using Ingenuity Pathway Analysis (IPA), the following categories of diseases and functions were the most significantly upregulated: inflammatory response, immune cell trafficking, cellular movement, hematological system development, and cell-to-cell signaling and interaction (Fig. 3) . IPA identified two upstream regulators as being activated and with the most significant P values: lipopolysaccharide (P = 1.04E-14) and tumor necrosis factor (P = 1.57E-11) The top network of molecular interactions that was generated by IPA showed extra cellular signal-related kinase (ERK) as the node with the most interactions (Fig. 4) .
Discussion
We found in a swine model of ICH that there are significant changes in PBMC gene expression within six hours of ICH induction. Utilizing RNA sequencing, the significant biological pathways primarily identified were those involved in immune system propagation and inflammation, including genes commonly associated with monocyte activation. This is the first study of RNA-seq in swine ICH. Our findings also provide evidence that ICH induces substantial changes in gene expression that are reflected in the peripheral blood, including in the hyperacute period following the hemorrhage. Biomarkers of ICH neuroinflammatory pathophysiology, previously noted in brain tissue from preclinical studies (Wu et al. 2009; Xie et al. 2018 ) and post-mortem brain tissue from patients (Wu et al. 2010) , were found to also exist in the peripheral blood in our investigation, increasing the potential translational relevance of these findings.
CD14 was a statistically significant DEG in our study and one of five DEGs that were repeatedly part of the significant KEGG pathways. CD14 was first identified as a cell surface marker for monocytes. Much of CD14's known function is related to specifically interacting with TLR4 to facilitate cellular responses to LPS. (Zanoni and Granucci 2013) A CD14 polymorphism had a significantly different genotype distribution between ischemic and hemorrhagic stroke groups. (Das et al. 2017 ) Much of the other available literature pertaining to CD14 and stroke, and more specifically ICH, has focused on CD14 as a cell surface marker on monocytes. In a recent study of 60 patients with ICH, CD14+ monocytes were the (Significance was assessed by the Benjamini-Hochberg corrected P value <0.1) Fig. 1 The top 100 annotated differentially expressed genes for which the expression was most changed six hours following versus prior to swine ICH induction (gene counts were log normalized and clustered by correlation) predominant cell to express T cell immunoglobulin and mucin domain 3 (Tim-3), and Tim-3 was more highly expressed in patients with larger ICH volumes. Also, a negative correlation was found between Glasgow Outcome Scale and Tim-3 FC: fold change, lfcSE: log fold change standard error Fig. 2 The normalized expression of the genes TLR4, CD14, IL18, CXCL2, and CXCL8 comparing prior to (control) and six hours following ICH mRNA (ICH < 30 ml: r = −0.650, P < .001; ICH > 30 ml: r = −0.723, P < .001), suggesting that Tim-3 on CD14+ monocytes contributes to inflammation after ICH and could be a novel treatment target. (Xu et al. 2018 ). We also found that the TLR4 gene was significantly overexpressed in swine PBMCs following ICH and had an important role in associated significant KEGG pathways. TLR4 is a cell-surface receptor that activates the immune system during both Bsterile^noninfectious inflammation and during bacterial infections. In monocytes from septic patients compared to controls, there was more TLR4 on the cell surface and increased monocyte expression of TLR4 messenger RNA. (Armstrong et al. 2004 ) TLR4 has been repeatedly identified as a key component of the inflammatory pathway following ICH. Utilizing both murine and human studies, TLR4 inhibition was identified as a promising therapeutic target to promote hematoma absorption and improve neurologic deficits. (Fang et al. 2014) In murine ICH models via TLR4 signaling, extracellular peroxiredoxins increased macrophage inflammation, (Liu et al. 2016 ) heme induced inflammation in microglia, and autophagy contributed to microglial activation and inflammatory injury. ) TLR4 deficient mice with ICH had decreased perihematomal inflammation, less recruitment of immune cells including monocytes and neutrophils, and improved functional outcome. (Sansing et al. 2011) In 141 patients with ICH, increased expression of TLR4 on the surface of monocytes was associated with poor outcome defined as Modified Rankin Scale >2 at 3 months (5272 arbitrary fluorescence units in poor outcome vs. 2977, P < 0.0001). (Rodriguez-Yanez et al. 2012 ). (Raspe et al. 2013 ) and with the toxic substance ricin (Gonzalez et al. 2006 ) resulted in monocyte production of IL-8. Serum concentrations of IL-8 were significantly higher in severe sepsis compared to uncomplicated sepsis both in the emergency department (P = 0.0009) and up to 24 h after presentation (P = 0.011). (Macdonald et al. 2014) In ischemic stroke patients, increased IL-8 serum protein levels and mRNA in blood mononuclear cells has been reported. (Kostulas et al. 1999) In 76 ischemic stroke patients compared with 28 controls, IL-8 was increased in stroke patients' plasma within 24 h of symptom onset (P < 0.001), and the IL-8 levels were also positively associated with the extent of the ischemic stroke lesion (P < 0.01). (Domac and Misirli 2008) The inhibition of IL-8 as a therapeutic target in stroke has been considered, with inhibitory effects of IL-8 by antiplatelet agents noted in ischemic stroke patients, (Al-Bahrani et al. 2007 ) reduced inflammation and neurological deficits after treatment with the IL-8 inhibitor reparixin in rats with transient cerebral ischemia, (Villa et al. 2007 ) and less edema and infarct size in a rabbit model of transient brain ischemia after treatment with an IL-8 neutralizing antibody. (Matsumoto et al. 1997 ) While data regarding IL-8 and ICH are currently limited, in 94 patients with basal ganglia ICH, a positive correlation was reported between IL-8 and severity of cerebral edema (r = 0.305, P < 0.05). (Wang et al. 2016) .
CXCL8 is a gene for which the associated protein is the proinflammatory cytokine IL-8 (Interleukin 8). Stimulation with LPS
IL-18 is a pro-inflammatory cytokine primarily secreted in its active form by macrophages and dendritic cells. A role for IL-18 has been implicated in a number of disease states such progressively brighter orange to red colors) involve inflammation and activation of the immune system/cellular processes as sepsis, inflammatory bowel disease, psoriasis, and emphysema. (Dinarello 2007) In the field of stroke and cardiovascular disease, increased levels of IL-18 mRNA were noted in 70 patients with carotid artery stenosis compared to 75 controls (p = 0.01). (Arapi et al. 2018) In a large case-control study nested within a prospective cohort, with 664 patients with either myocardial infarction (MI) or stroke and 1328 controls, IL-18 level was strongly associated with a number of cardiovascular risk factors. (Jefferis et al. 2013) In 23 patients with ischemic stroke within 24 h of symptom onset, serum IL-18 was higher compared to 15 controls (308.5 ± 138.0 pg/ml vs. 155.7 ± 51.4 pg/ml, P < 0.01), and was also noted to be potentially predictive of stroke outcome. (Zaremba and Losy 2003) Finally, in ICH, a recent murine study found that the antiinflammatory compound cordycepin alleviated brain edema and neurological deficits while also reducing the release of IL-18. (Cheng et al. 2017) In another rodent study of ICH, those rats treated with P2X7R small interfering RNA had exacerbated brain inflammation and damage potentially secondary to the NLRP3 inflammasome that resulted in cytokine secretion, including IL-18. (Feng et al. 2015) .
CXCL2, a gene that encodes the protein MIP-2 (macrophage inflammatory protein 2), is a powerful chemotaxis and cellular activation factor and is secreted in response to infection or injury by a number of cell types. (Qin et al. 2017) It is often increased acutely after injury, resulting in inflammation, and was found to be significantly increased in our study of PBMC gene expression in the first 6 h after swine ICH. MIP-2 was increased in preclinical models of ischemic stroke and had an important role in neuroinflammation and infarct development. (Lee et al. 2015) In the postmortem brains of 36 ICH patients ranging from two to five days after the hemorrhage and Fig. 4 The top IPA generated network based on the swine ICH RNA-seq data. The node with the most interactions with other molecules is extra cellular signal-related kinase (ERK, highlighted in the figure by cyan colored lines) compared to six controls, MIP-2 expression was increased in both the area of ICH (P < 0.01) and the contralateral uninjured side (p < 0.05), with greater increase on the side of the brain with ICH. (Wu et al. 2010 ) In a rat model, MIP-2 levels were higher in the brain within two hours of ICH, peaked at two days, and correlated with degree of brain edema and activation of the inflammatory transcription factor NF-kappaB. (Wu et al. 2009 ) When ICH induced expression of cytokines in a mouse model of ICH, including MIP-2, the authors concluded that MIP-2 specifically was involved in the degree of hematoma invasion and resultant motor dysfunction, and inhibition of MIP-2 resulted in less motor disability. (Matsushita et al. 2014) .
In our data analysis with IPA, lipopolysaccharide (LPS) and tumor necrosis factor (TNF) were the two most significantly activated upstream regulators. IPA considers the expected effects between transcriptional regulators and their target genes, based on a vast database of such cause and effect relationships from the published literature, to identify upstream regulators that would explain the gene expression in a given study. The upstream regulators predicted from our findings, LPS and TNF, supported the concept that ICH induced inflammatory pathways in PBMCs. LPS, also known as endotoxin, is a major component of the outer membrane of gram-negative bacteria and induces a cascade of cellular reactions that potentiates a strong inflammatory response. (Raspe et al. 2013 ) TNF is a well-known cytokine that induces systemic inflammation and participates in the acute phase response, a complex early defense system that can be activated by a number of events such as infection, inflammation, and trauma. (Bradley 2008) . The top network that was generated by IPA based on our findings included extracellular signal-regulated kinase (ERK) as having the most interactions with other molecules (Fig. 4) . ERK are protein serine/threonine kinases that mediate a variety of processes such as inflammation, cell differentiation, proliferation, and adhesion. (Roskoski 2012 ) ERK signaling resulted in the production of inflammatory cytokines like IL-1β and TNF-α in human monocytic cells. (Kurosawa et al. 2000) IL-8 production was dependent on ERK signaling in epithelial cells infected with chlamydia trachomatis. (Buchholz and Stephens 2007) The ERK pathway has been reported as a potential therapeutic target for neurological diseases, including stroke. (Sun and Nan 2017) In rats with ischemic stroke, production of inflammatory cytokines was transcriptionally regulated via ERK, and injection of an ERK inhibitor at 0 and 6 h after stroke reduced infarct volume (11.7% and 15% of total brain volume, respectively, compared with 25% for controls). (Maddahi and Edvinsson 2010) In ICH, nonclinical studies have been reported such as when ICH increased ERK expression in perihematomal tissues in a rat model. (Wen et al. 2017) In astrocytes studied in vitro, hemolysate increased the phosphorylation of ERK 15 fold compared to controls (P < 0.01). (Yang et al. 2016) .
Improved understanding of the pathophysiologic mediators of injury and repair post-ICH can lead to identification of novel therapeutic targets. RNA-seq is particularly promising for this type of investigation as it provides a global, unbiased analysis as opposed to only measuring transcriptomic biomarkers that are determined in advance. In addition to the development of novel therapeutic agents, there is also the potential to utilize those treatments that are already in use. For example, it was recently reported from a rodent model of ICH that mannitol and hypertonic saline reduced mortality and hemispheric swelling, reduced markers of inflammatory M1 microglia/macrophage activation (including TNF that was identified as a critical upstream regulator in our study), and increased markers of the anti-inflammatory M2 phenotype. (Schreibman et al. 2018) . Our group also recently published a review article regarding the cellular/molecular mechanisms of action of currently approved medications for multiple sclerosis and the potential of these treatments to modulate acute inflammation after ICH. (Napier et al. 2019) .
Regarding the validation of the RNA-seq findings by other methods, in previous studies from our core sequencing facility an alternative approach of RT-qPCR was used to validate differentially expressed genes (Sharma et al. 2017) , and this showed very high reproducibility between RNA-seq and RTqPCR results. Since in this current study the same methods and reagents were used under the same experimental conditions, no additional validation of the RNA-seq result was performed.
Strengths of our study include that it is the first report of RNA-seq technology to study gene expression in swine ICH. Further, this preclinical model successfully demonstrated that ICH induces systemic changes in inflammatory gene expression that are potentially novel pathophysiologic biomarkers and treatment targets, and this line of inquiry warrants further investigation. RNA-seq provided a global, unbiased analysis, and advanced bioinformatics techniques benefitted from wellestablished sources for enrichment analysis. Additional novel methodology includes our focus on the hyperacute period following ICH and the testing of paired samples, i.e. a blood sample from the same animal prior to and then following the induction of ICH, not possible in human subjects, that can allow for identifying RNA-seq differences more specifically from the ICH itself. As discussed previously, there are data to support that the pig is a superior preclinical model to study the immune system than other animals such as rodents.
Limitations of our reported research include that RNA-seq data were not available more than six hours following ICH induction. While the focus of the current work was on the hyperacute period following ICH, analysis of samples collected later could allow for characterization of unique gene expression over a longer period of time. Further, while investigating the gene expression at a number of earlier time points could also strengthen the study, e.g. one, two, and/or three hours from ICH induction, the scope and available resources of the reported research precluded RNA-seq for such a large number of time points and associated blood samples. The pigs were young and lacked comorbidities that might be seen in human ICH patients, and the use of any animal model of ICH, including autologous blood injection into the brain, lacks some of the pathophysiology of naturally occurring ICH. Considering that differences in the inflammatory response have been reported between males and females, possibly related to estrogen level variability, (Casimir and Duchateau 2011; Rathod et al. 2017 ) a homogenous group of only female pigs were included. Subsequent work could be strengthened by including both male and females.
Conclusion
This novel research provides evidence from a swine model that changes in peripheral blood gene expression are induced within 6 h of ICH, and the associated significant biological pathways in PBMCs are primarily those associated with immune system activation, inflammation, and, in particular, activation of monocytes. Our findings contribute to a larger body of literature regarding neuroinflammation following ICH and that monocytes specifically contribute to this process. Further studies in ICH are needed, such as more work in swine ICH in which serial blood samples are collected over a longer range of time following ICH induction, brain tissue is tested in relation to the changes in peripheral blood, and pharmacologic interventions are administered and compared to the gene expression in non-treated experiments. The results reported here would also benefit from comparison to RNA-seq in human ICH. Ultimately, the study of neuroinflammation following ICH, with a particular focus on the effects of monocytes, is deserving of further research in pursuit of a novel therapeutic target for this devastating condition with no proven treatment.
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